In addition to the canonical Single Stranded DNA Binding (SSBa) protein, many bacterial species, including mycobacteria, have a paralogous SSBb. The SSBb proteins have not been well characterized. While in B. subtilis, SSBb has been shown to be involved in genetic recombination; in S. coelicolor it mediates chromosomal segregation during sporulation. Sequence analysis of SSBs from mycobacterial species suggests low conservation of SSBb proteins, as compared to the conservation of SSBa proteins. Like most bacterial SSB proteins, M. smegmatis SSBb (MsSSBb) forms a stable tetramer. However, solution studies indicate that MsSSBb is less stable to thermal and chemical denaturation than MsSSBa. Also, in contrast to the 5-20 fold differences in DNA binding affinity between paralogous SSBs in other organisms, MsSSBb is only about two-fold poorer in its DNA binding affinity than MsSSBa. The expression levels of ssbB gene increased during UV and hypoxic stresses, while the levels of ssbA expression declined. A direct physical interaction of MsSSBb and RecA, mediated by the C-terminal tail of MsSSBb, was also established. The results obtained in this study indicate a role of MsSSBb in recombination repair during stress.
Introduction
Mycobacterium tuberculosis is known to modulate its gene expression to adapt to the stress conditions encountered in the host cells and it may remain dormant in a non-replicating persistent (NRP) state, for decades in the host [1] . M. tuberculosis NRP is characterized by slow metabolism upon encountering hypoxia, starvation or acidic pH in the host cells [2] [3] [4] . DNA damages such as oxidation of nucleotides and DNA breaks, by host generated reactive oxygen species and reactive nitrogen intermediates threaten the genomic integrity during this dormant phase, necessitating a robust DNA repair in the early stages of exit from dormancy [5, 6] . Recombination repair forms a major part of this repair system. Upon DNA break, RecA binds to the single stranded DNA (ssDNA) and stimulates autocatalytic cleavage of LexA, which regulates genes for damage repair and tolerance [7, 8] .
Single Stranded DNA Binding (SSB) proteins are highly conserved proteins implicated in protection of ssDNA from nucleases, and prevent formation of secondary structures during major DNA transactions [9, 10] . During DNA break repair, SSBs play a crucial role in nucleoprotein filament formation and RecA loading on DNA [11] [12] [13] . Most bacterial SSBs are homo-tetramers, where tetramerization is mediated by the conserved N-terminal oligo-nucleotide binding (OB) domain followed by a less conserved, and highly disordered C-terminal domain or tail. The C-terminal tail of SSBs is known to interact with many other proteins involved in DNA repair, replication and recombination [14] [15] [16] [17] [18] . It has also been reported to have a role in modulating the DNA binding affinity [19, 20] .
Apart from the well-studied SSB (SSBa), several naturally competent bacteria possess a second SSB paralog (referred to as SSBb). SSB homologs are often encoded by nearly all conjugative plasmids found in bacteria. While SSBa (homologous to E. coli SSB) is attributed to perform all the canonical functions, the biological functions of the paralogous SSBb proteins are still ambiguous. In Bacillus subtilis, SSBb (BsSSBb) shares the load of genetic recombination with SSBa and aids in natural-competence associated recombination [21] . In Streptococcus pneumoniae, SSBb (SpSSBb) protects the naturally internalized ssDNA to improve the likelihood of crossover events [22] . Interestingly, deletion of ssbB gene in Streptomyces coelicolor leads to irregular chromosomal segregation during sporulation [23] . The members of genus mycobacteria, except for M. leprae, are also found to possess ssbB genes [24] .
The interaction of DNA with the OB domain has been studied in detail in E. coli and is known to be sequence independent. However, depending on the concentration of the protein and ions in the solution, SSBs interact with DNA in either SSB 35 (in which 35 nucleotides wrap around two subunits of the tetramer), or SSB 56/65 (in which 56/65 nucleotides wrap around all four subunits of the tetramer) modes [25, 26] . The DNA binding affinities of the paralogous SSBs were found to be different. The SpSSBb and ScSSBb proteins were reported to have higher DNA binding affinity compared to their SSBa counterparts; although in the case of B. subtilis proteins the converse was observed [21, 22] .
On account of slow growth of M. tuberculosis and requirement of contained laboratory conditions, M. smegmatis, a fast growing mycobacterium, has often been used as a surrogate to study fundamental molecular processes in mycobacteria [27] . Sequence analysis of M. tuberculosis and M. smegmatis genomes suggests that the latter retains most of the genes involved in adaptation to hypoxia [28, 29] . SSBa has been characterized from multiple mycobacterial species [30] [31] [32] [33] . The three-dimensional structure of M. smegmatis SSBb (MsSSBb), solved recently in our lab, revealed a classical homo-tetrameric structure [34] . The quaternary structure of MsSSBb is highly similar to that observed for mycobacterial SSBa and ScSSBa structures, retaining the 'clamp' like inter-subunit strand exchange [35, 36] . To address the question of why there are two SSBs in mycobacteria, we have now studied DNA binding properties of MsSSBb. We also performed the same experiments on MsSSBa, for comparison of properties. Transcriptional regulation of the two ssb genes was tested and a possible role of SSBb in stress response has been established.
Materials and methods

Sequence analysis and DNA
The sequences of SSB proteins were obtained from Uniprot [37] . Multiple sequence alignment (MSA) of proteins was generated using three combined iterations, while keeping others settings as default, in Clustal Omega [38] . ESPript was used to generate the MSA [39] . M13 phage ssDNA was obtained from New England Biolabs (NEB). DNA oligomers, including 6FAM-tagged (fluorescein) were obtained from Sigma-Aldrich.
Cloning of SSBb open reading frames
Cloning of the gene encoding MsSSBb (MSMEG_4701) has been described previously [34] . The gene encoding MsSSBa (MSMEG_6896) was also cloned using a similar strategy. The details of the primers used are provided in Table S1 . SSBbΔ7 and SSBbΔ27 constructs, with 7 and 27 residue truncations respectively, from the C-terminal tail of MsSSBb were also made in pET14b vector. MsRecA (MSMEG_2723) was cloned in pET His6 Sumo TEV LIC cloning vector (1S) (Addgene) using manufacturer's protocol. Cloning was confirmed by primer-based sequencing (Xcleris genomics).
Protein expression and purification
The expression constructs were transformed into E. coli BL21 (DE3) (Novagen Inc.). All SSBs, including the shorter constructs were purified as described previously [34] . For purification of RecA, cultures in LuriaBertani (LB) medium supplemented with ampicillin (100 μg/ml) were grown for 8 h after induction, at 0.5 OD 600 , with 0.5 mM isopropyl-β-Dthiogalactopyranoside (IPTG) at 30°C. The cells were harvested by centrifugation at 6000g for 15 min, re-suspended in buffer A (30 mM Tris-acetate, pH 7.5, 300 mM NaCl, 10 mM imidazole and 10% (v/v) glycerol) and lysed by sonication. The lysate was then centrifuged at 15,000 g for 60 min. The supernatant was loaded onto Ni-NTA column (GE Healthcare) equilibrated with buffer A, washed with the same buffer supplemented with 20 mM imidazole and eluted with a linear gradient of imidazole (30 mM-500 mM). The protein was dialyzed against 50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 0.5 mM Na 2 EDTA and 10% (v/v) glycerol for 12 h. The His-SUMO tag was cleaved using TEV protease (Sigma-Aldrich) for 6 h at 25°C, in the same buffer. The protein was further purified by passing through Ni-NTA beads followed by size-exclusion chromatography using High load 16/600 Superdex 200 column (GE Healthcare) in buffer B (30 mM Tris-HCl, pH 7.5, 250 mM NaCl and 10% (v/v) glycerol). The purity was established by SDS-PAGE [ Fig. S1 ]. M. smegmatis Ung (Uracil DNA glycosylase Family I) was purified as described previously [40] .
Electrophoretic mobility shift assay (EMSA)
Standard reaction mixtures containing 200 ng M13 phage DNA or 2 μM fluorescein tagged DNA were incubated with increasing concentrations of SSBs (MsSSBa or MsSSBb) at 4°C for 30 min. Different reaction buffers used are specified in the figure legends. Reaction was mixed with 4 μl loading dye [containing 0.12% (w/v) each of bromophenol blue and xylene cyanol FF in 20% glycerol], and resolved on 1% agarose gel, containing ethidium bromide, or 4-8% native PAGE in 1X TBE buffer. Agarose gels were visualized under UV light. The PAGE gels were visualized using fluorescein filter in the BIORAD gel doc system.
Interaction with Ung: Standard reaction mixtures (20 μl) containing 200 ng M13 ssDNA in 20 mM Tris-HCl, pH 8.0 and 50 mM NaCl were incubated with 500 nM MsSSBa or MsSSBb and increasing concentrations (500 nM-4 μM) of MsUng at 4°C for 30 min. The reaction mixtures were mixed with 4 μl of loading dye and individual samples were loaded and resolved on a 0.8% agarose gel, containing ethidium bromide, in 1X TBE buffer.
Fluorescence measurements
Fluorescence measurements were made using a FP-6300 spectrometer from JASCO analytical instruments. A 10 μM solution of MsSSBa or MsSSBb was titrated against increasing concentrations of 35-mer DNA (poly-dT) and 76-mer DNA (poly-dT) and the quenching of fluorescence was recorded. Titrations were carried out in different buffers, as specified in figure legend and Results section. An excitation wavelength of 295 nm was used and emission spectra at 343 nm were recorded. After each titration, the solution was allowed to equilibrate for 1 min before the fluorescence was measured. Experiments were setup in duplicates and an average of 3 readings for each data point were used to plot the graph.
Thermal melt assay
Protein unfolding as a function of temperature was monitored using fluorophore SYPRO Orange (Sigma, S5692) in iQ5, BioRad iCycler Multicolor Real-Time PCR detection system. Increase in fluorescence of dye upon binding to the hydrophobic regions, upon thermal denaturation, was measured. Protein samples (10 μM) were mixed with buffer (20 mM Tris-HCl, pH 7.5 and 200 mM NaCl) and 1x SYPRO orange dye. The readings were taken in 96-well PCR microplates (BioRad) in the RT-PCR device. Samples were heated at 0.5°C per min, ranging between 10°C and 95°C and the fluorescence intensity was measured using Cy5 filter with red-orange color intensity detection. 
Chemical melt assay
RT-PCR
M. smegmatis mc 2 155 was grown to 0.6 OD 600 and exposed to UV radiation (150 J/m 2 ) for 5 min. The cultures were allowed to grow further for 12 h before harvesting cells. Hypoxic cultures were established in duplicates [41] . Cells from one flask were allowed to recover under aerobic growth for 90 min before harvesting. Cell pellets from untreated and treated cultures were re-suspended in 2 ml buffer (20 mM Tris-HCl, pH 7.4, 0.45 M sucrose, 8 mM Na 2 EDTA) with 4 mg/ ml lysozyme and incubated for 45 min at 37°C. The suspension was subjected to centrifugation (3000 g) for 10 min. RNA was isolated using RNeasy Mini Kit (Qiagen). No-RT (reverse transcription) control PCR, for ssbA and ssbB genes were performed to check for any DNA contamination. Maxima First strand cDNA synthesis kit (Thermo Scientific) was used to synthesize cDNA with 2 μg of total RNA template. Real time PCR assays (20 μl) were conducted in triplicates using 200 ng of cDNA template, 10 μl of GeneSureTM SYBR Green qPCR Master Mix (2X) (Puregene), 1 μl of forward and reverse primers (5 μM stock) in iQ5, BioRad iCycler Multicolor Real-Time PCR detection system. Details of primers used are provided in Table S2 .
Far-western blotting
Increasing amounts of purified RecA in buffer A (20 mM Tris-HCl, pH 7.4, 100 mM NaCl and 5 mM MgCl 2 ) were spotted on nitrocellulose membranes. Bovine serum albumin (BSA) was used as negative control. The membrane was blocked for 2 h at room temperature using buffer A supplemented with 5% (w/v) skimmed milk. The membranes were then incubated with a 2 μM MsSSBb solution in buffer A for 8 h at 4°C, followed by 5 washing steps of 10 min each. Following this, membranes were incubated with HRP conjugated anti-His antibody, as the His-tag on SSBb was retained after purification, for 1 h at room temperature and developed using 20 μl of 30% H 2 O 2 and 1 mg/ml of DAB in 100 mM citrate phosphate buffer pH 5.5 (10 ml).
Results
Sequence analysis:
SSBa is more conserved than SSBb ssbB genes are typically distantly located from the ssbA genes in most mycobacterial genomes. According to ProOPDB, ssbB gene is encoded within an operon containing a putative ABC transporter ATP binding protein [42] . While the SSBa sequences are highly conserved in mycobacteria (sequence identity of 86% between M. tuberculosis MtSSBa and MsSSBa), SSBb proteins are relatively less conserved (sequence identity of 54% between MtSSBb and MsSSBb). The paralogous SSBs from M. smegmatis share an overall sequence identity of 37% and a 52% similarity. Both the MsSSBa and MtSSBa harbor eleven and four glycine residues, respectively at their C-termini. However, SSBb proteins possess an alanine rich region. While the MsSSBb harbors two alanine residues, MtSSBb possesses ten [ Fig. 1 ]. The computed isoelectric points of M. smegmatis SSBs are between 4.5 and 5.5.
The mycobacterial SSBa and SSBb are of comparable lengths, 165 and 170 amino acids, respectively in M. smegmatis. However, the Cterminal tails of SSBb proteins characterized so far, are shorter than those of the respective SSBa proteins [ Table 1 ]. In SSBa proteins, the conserved acidic C-terminal D-D-D-(I/P)-P-F motif, where Asp (D) can be replaced with Glu (E), was found to be critical for mediating interactions with other proteins [15] . A similar acidic tail motif is present in SpSSBb and NgSSBb. This motif has also been shown to be crucial for ssDNA processing in S. pneumoniae [22] . No such motif is present in any of the ScSSBb, BsSSBb or the mycobacterial SSBb proteins [ Fig. 1] . However, the C-terminal stretch of mycobacterial SSBb proteins is highly acidic in nature. While the MsSSBb harbors 18 acidic amino acids, MtSBBb possesses 6 acidic amino acids in their C-terminal domains. Such unusual differences further fueled the need to study these proteins. In EcSSB, W40, W54, F60 and W88 are the base stacking residues. The relative positions of corresponding residues, R39, Y53, W59 and Y87 in MsSSBb remain similar. With the exception of Arg, the other three amino acids are aromatic in nature and may be important in binding of MsSSBb with DNA. The amino acid residues corroborate to the base stacking residues identified in BsSSBb as well [21] .
Solution properties of mycobacterial SSB proteins
The SSBa, SSBb and RecA proteins from M. smegmatis were overproduced in E. coli and purified to apparent homogeneity [ Fig. S1 ]. MsSSBb, like most bacterial SSBs, forms a stable tetramer in the solution [34] . Chemical denaturation assays employing fluorescence spectroscopy were used to investigate differences in MsSSBa and MsSSBb. Quenching of intrinsic fluorescence was recorded with respect to the increasing concentrations of guanidine hydrochloride (GndCl) Fig. 2A] . Also, in thermal denaturation, while the MsSSBa revealed a Tm of about 65°C, the corresponding value for MsSSBb was 56°C [ Fig. 2B ]. Thus, both the assays suggest higher structural stability of MsSSBa than the paralogous SSBb.
Binding of MsSSBb to DNA is modulated by salt and Mg 2+ ion concentration
The ssDNA binding activity of MsSSBa has been examined previously [13, 43] . To examine the binding properties of MsSSBb, the protein was incubated with the naturally occurring M13 ssDNA and analyzed by agarose gel electrophoresis. As observed in Fig. 3A , the mobility of M13 ssDNA decreased progressively upon increasing concentration of the protein. Also, a gradual quenching of ethidium bromide fluorescence was observed, probably owing to its occlusion due to denaturation of the secondary structures in M13 ssDNA.
The DNA binding properties of previously characterized SSBs are reported to be modulated by the presence of salts and divalent cations in the solution [44, 45] . We incubated M13 ssDNA with increasing concentration of MgCl 2 and Na 2 EDTA separately and resolved the complexes on agarose gel. As seen from Fig. 3B , MsSSBb remained bound to M13 ssDNA even in the presence of 10 mM Na 2 EDTA indicating that divalent ions are not necessary for DNA binding by MsSSBb. However, for the same amount of M13 ssDNA and MsSSBb, the mobility of the complex decreased on increasing the MgCl 2 concentration.
MsSSBa has a higher DNA binding affinity than that of MsSSBb
To further explore the DNA binding properties of MsSSBb, fluorescence spectroscopy was employed. When bound to ssDNA, a gradual decrease in the intrinsic tryptophan fluorescence of SSBs has been observed and values obtained from titration plots have been used to characterize binding affinities and occluded binding site of SSBs [46] . Upon addition of saturating quantities of dT 35 and dT 76 (poly-dT, subscript denotes the length), intrinsic fluorescence was quenched by approximately 95 ( ± 1)%. Fluorescence was measured under 3 different buffer conditions, namely, H 10 (10 mM HEPES, pH 7.5), H 10 N 200 (10 mM HEPES, pH 7.5 and 200 mM NaCl) and H 10 Mg 5 (10 mM HEPES, pH 7.5 and 5 mM MgCl 2 ). The quench was observed to be salt independent. However, a consistent change in the intrinsic fluorescence and decrease in quench to 90 ( ± 2)% was observed on addition of MgCl 2 in the solution. DNA binding constants of 5.97 ( ± 0.45) μM and 2.81 ( ± 0.21) μM were observed for dT 35 and dT 76 respectively, in H 10 . The presence of Mg 2+ or NaCl did not significantly change the binding affinities, except in the case of dT 35 where the binding affinity was slightly affected in the presence of 200 mM NaCl. However, the binding modes of SSBs were affected substantially (discussed below). In the current range of buffers, the occluded binding site was estimated to be 32 ( ± 2) nucleotides, similar to highly cooperative EcSSB 35 binding mode [ Fig. 4A and B]. The binding of dT 35 and dT 76 with MsSSBa and MsSSBb in Tris-HCl buffer (HEPES buffer was not suitable for MsSSBa) was compared using fluorescence spectroscopy. DNA binding constants of 4.01 ( ± 0.38) and 1.43 ( ± 0.12) μM were observed for binding of MsSSBa with dT 35 and dT 76 respectively [ Fig. 4C and D] . For MsSSBb, these values were 7.36 ( ± 0.59) and 2.76 ( ± 0.30) μM; suggesting that MsSSBb has about two fold lower DNA binding affinity relative to that of MsSSBa for both the DNA substrates. The property of DNA binding is regulated by the C-terminal tail of SSBa. Thus, we carried out titration experiments with SSBbΔ7 and SSBbΔ27, C-terminal truncated MsSSBb. Each truncation had a higher affinity for both the DNA substrates, suggesting the role of tail, in regulating DNA binding [ Fig. S2 ].
Because MsSSBa and MsSSBb bound to DNA with different binding affinities, an additional experiment was carried out to observe competitive binding of these proteins. We incubated M13 phage ssDNA with saturating amounts of either MsSSBa or MsSSBb individually, or simultaneously in the same tube. Slow moving complexes were observed in the presence of MsSSBa, alone or in combination with MsSSBb, as SSB_OBF boundaries were generated using CDD. The length of the C-terminal region is defined as the total number of residues after the OB fold. For MtSSBa, MsSSBa, MtSSBb and ScSSBa, the residues forming the extra hook found in the structure are not included. a The values have been taken as specified in the publications [21, 23] .
A. Singh et al. Tuberculosis 108 (2018) [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] compared to MsSSBb alone. The resulting complexes were resolved on an agarose gel, and excised to further analyze by SDS-PAGE.
Irrespective of the ratio of MsSSBb to MsSSBa in the reaction, the amounts of MsSSBa bound to DNA was found to be higher than MsSSBb [ Fig. 5 ]. However, even at relatively higher MsSSBa concentration, considerable amounts of MsSSBb were always observed in gel, suggesting that both proteins can simultaneously bind to the DNA.
Differential DNA binding modes of paralogous SSBs
The purified M. smegmatis SSB proteins were further analyzed for differential ssDNA binding properties. A fixed concentration of 5′ fluorescein tagged dT n [n = 12, 15, 18, 21, 25, 35, 76 and 120 nucleotides in length] were incubated with increasing concentration of either MsSSBa or MsSSBb and analyzed on native PAGE. While a smear was observed for dT 12 , sharp bands appeared for dT 15 or higher sized DNA oligomers in case of MsSSBa [ Fig. 6A ]. However, sharp bands appeared for size ≥ dT 18 , in case of MsSSBb [ Fig. 6B ], suggesting SSBa can bind to shorter lengths of DNA than SSBb.
To study the binding modes, increasing concentrations of protein were incubated with labeled dT 120 in different buffers and resolved on 4% native PAGE. The concentration of MsSSBa was kept at half the concentration of MsSSBb, owing to its higher binding affinity observed during previous experiments. Three distinct complexes, SSB 1 , SSB 2 and SSB 3 could be observed in the gel owing to one, two or three molecules (tetramers) of SSB bound to DNA, respectively [Fig. 7] . At high protein to DNA ratio, SSB 3 complex was predominant irrespective of the buffer conditions, suggesting imposition of SSB 35 Fig. 7A lanes 3, 8 and 13 ].
Insights into the cellular role of SSBb
To assess the involvement of SSBb during hypoxia and DNA damaging conditions, we examined the ssbA and ssbB gene expression levels following UV treatment, and 14 days of hypoxic culturing of M. smegmatis. Re-aeration was allowed for 1.5 h in an aliquot of hypoxic cultures. Upregulation of hspX validated the establishment of hypoxic culture. The expression levels of ssbB gene increased by approximately 2 and 7 fold in UV and hypoxic stress, while simultaneously the levels of ssbA gene expression declined [ Fig. 8 ]. 
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Tuberculosis 108 (2018) [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] SSBa proteins are known to interact with a plethora of other proteins, including RecA [13] . Thus, we investigated the possibility of direct interaction of MsSSBb with MsRecA using far-western technique under non-denaturing conditions [47] . Purified native RecA was spotted in increasing concentrations on membranes followed by blocking, washing and incubation with MsSSBb. Membranes were then washed and probed with anti-His antibodies (for SSBb). We observed binding between MsRecA and MsSSBb, indicating a direct physical interaction [ Fig. 9A] . To observe the effect of C-terminal tail, we repeated the experiment with SSBbΔ7 and SSBbΔ27. While, SSBbΔ7 retained the interaction, SSBbΔ27 was found not to show a detectable interaction with RecA [ Fig. 9B and C] , indicating an important role of C-terminal tail in the interaction. MsSSBa is also known to affect uracil excision by MsUng (Uracil DNA glycosylase -family I) [43] . To investigate the interaction, we used an EMSA based assay. M13 ssDNA-MsSSBa or M13 ssDNA-MsSSBb complexes were incubated with increasing concentrations of MsUng. The reaction mixture containing MsSSBa showed reduced mobility suggesting interaction with MsUng. However, a similar effect on DNA-MsSSBb complexes was not observed, suggesting lack of a detectable interaction between SSBb and MsUng [ Fig. 9D ].
Discussion
The work described in this report encompasses the biochemical characterization of SSBb from M. smegmatis. In an attempt to understand mycobacterial SSBs better, we also purified MtSSBb. However, the protein showed higher order oligomerization or aggregation as established by DLS analysis [Fig. S3 ]. Even in its aggregated form, MtSSBb was able to bind M13 phage ssDNA [ Fig. S4 ]. However, all further analysis were carried out with MsSSBb. For comparison, similar experiments with MsSSBa were also carried out. Sequence analysis suggested that the MsSSBb possesses a canonical oligo-nucleotide binding fold (OB-fold) similar to the previously characterized bacterial SSBs. The total amount of protein in the reaction was kept constant, while changing the ratio of proteins. After 15 min incubation at 37°C, the complexes were resolved on a 0.8% agarose gel. The complexes were then excised from agarose gel and boiled in SDS-loading dye at 96°C, until the agarose melted. The samples were then analyzed on a 14% SDS-PAGE gel, and visualized with Coomassie blue staining. The reactions were resolved on 4.5% native PAGE in 1X TBE buffer. DNA-SSB n refers to complex of SSB molecules on DNA, where n = 1, 2 or 3, is the number of SSB molecules (tetramers) bound to DNA. The gel was visualized using fluorescein filter in BIORAD gel doc system. Mycobacterial SSBa proteins demonstrate relatively higher levels of identities and similarities to EcSSB than the SSBb proteins. Multiple sequence alignments have led to identification of putative base stacking residues Y53, W59 and Y87 in SSBb. The binding site size suggests no major differences in the binding modes compared to those of MsSSBa and EcSSB. No obligatory dependence on the presence of divalent ions in the solution was observed for DNA binding.
In an effort to further investigate the relative properties of MsSSBa and MsSSBb, we carried out thermal and chemical denaturation assay. Both the assays suggest higher stability of MsSSBa, towards chemical and thermal denaturation to that of MsSSBb. The DNA binding affinity of MsSSBa was about two-fold better than that of MsSSBb. In contrast to drastic differences in the DNA binding affinities of paralogous SSBs in other organisms, ranging between 5 and 20 fold [21] [22] [23] , the values are not substantially different in M. smegmatis. We observed that the Cterminal tail is involved in negatively modulating the DNA binding affinity in MsSSBb. Previously, it has been reported that the disordered C-terminal extends out laterally from the OB-domain and folds back to compete for the same surface required for DNA binding [48, 49] . The differences in the DNA binding affinity of paralogous SSBs can be conceivably attributed to the differences in lengths of the spacer region of the tail. As noted earlier, the lengths of paralogous SSBs are similar in mycobacteria, as opposed to considerable differences in other organisms [ Table 1 ]. However, the surface charge and hydrophobic properties of the OB-domains also appear to play a decisive role.
A consensus of cellular function or of structural features cannot be established with the current data available for SSBb proteins from different species. While a role in natural-competence associated recombination was attributed in B. subtilis and S. pneumoniae, a role in chromosomal segregation during sporulation was shown in S. coelicolor. The inverse relationship in regulation of mycobacterial SSBs during hypoxia and UV stress suggests the protein to be of importance in stress response. We examined the previously reported microarray data for M. tuberculosis H37Rv proteins MtSSBa (Rv0054) and MtSSBb (Rv2478c) in TB database [50] . ssbB gene was found to be over-expressed during nonreplicating persistence stage of dormancy, while at the same time ssbA gene was under-expressed [51, 52] . Also, exposure to DNA damaging agents [52] , growth on long chain fatty acids such as palmitic acid or oleic acid and starvation lead to under-expression of ssbA gene and simultaneous over expression of ssbB gene (unpublished results, Yang Liu et al.). Though the changes in the level of expression are different, the pattern is consistent with other types of stress induced responses and with strains other than H37Rv.
To gain insights into cellular properties of MsSSBb, we checked the possibility of SSBb to interact with known interaction partners of SSBa. MsSSBa is known to interact with Ung and impact uracil excision properties [43] . No interaction was established between MsSSBb and MsUng, shown by agarose gel assay [ Fig. 9D ] or far-western blot (data not shown). However, a detectable interaction with RecA was observed. The physical interaction of SSBb with RecA suggests a probable involvement of the protein to load RecA onto the ssDNA generated for recombination event during the repair processes. The loss of interaction with RecA on C-terminal truncation of SSBb, suggests a similar mechanism of interaction as with SSBa. Role of SSBb proteins in natural competence associated recombination of the exogenous DNA has been established [21] . Since the paralogous SSBs can bind the DNA simultaneously, MsSSBb alone or in tandem with MsSSBa can probably play an accessory role in recombination events in mycobacteria. Also, a , 2 and 4 μM, lanes 3-5 and lanes 8-10, respectively) . Reactions mixtures were incubated on ice for 15 min and electrophoresed on 1% agarose gel (containing ethidium bromide) in 1X TBE. The gel was visualized under UV.
difference in the C-terminal sequence of MsSSBb may increase the repertoire of proteins with which SSBs can interact during DNA transactions in the cell. Together, these data suggest a probable role of SSBb in DNA repair during the persistence stage, when DNA damage to the bacillus is one of the major host defense mechanisms. The results reported here will provide the groundwork for further exploration of the role of paralogous SSBs in mycobacteria.
